Results from all phases of the orbits of the Ulysses spacecraft have shown that the magnitude of the radial component of the heliospheric field is approximately independent of heliographic latitude. This result allows the use of near-Earth observations to compute the total open flux of the Sun. For example, using satellite observations of the interplanetary magnetic field, the average open solar flux was shown to have risen by 29% between 1963 and 1987 and using the aa geomagnetic index it was found to have doubled during the 20th century. It is therefore important to assess fully the accuracy of the result and to check that it applies to all phases of the solar cycle. The first perihelion pass of the Ulysses spacecraft was close to sunspot minimum, and recent data from the second perihelion pass show that the result also holds at solar maximum. The high level of correlation between the open flux derived from the various methods strongly supports the Ulysses discovery that the radial field component is independent of latitude. We show here that the errors introduced into open solar flux estimates by assuming that the heliospheric field's radial component is independent of latitude are similar for the two passes and are of order 25% for daily values, falling to 5% for averaging timescales of 27 days or greater. We compare here the results of four methods for estimating the open solar flux with results from the first and second perehelion passes by Ulysses. We find that the errors are lowest (1-5% for averages over the entire perehelion passes lasting near 320 days), for near-Earth methods, based on either interplanetary magnetic field observations or the aa geomagnetic activity index. The corresponding errors for the Solanki et al. (2000) model are of the order of 9-15% and for the PFSS method, based on solar magnetograms, are of the order of 13-47%. The model of Solanki et al. is based on the continuity equation of open flux, and uses the sunspot number to quantify the rate of open flux emergence. It predicts that the average open solar flux has been decreasing since 1987, as Correspondence to: M. Lockwood (m.lockwood@rl.ac.uk) is observed in the variation of all the estimates of the open flux. This decline combines with the solar cycle variation to produce an open flux during the second (sunspot maximum) perihelion pass of Ulysses which is only slightly larger than that during the first (sunspot minimum) perihelion pass.
Introduction
The Ulysses satellite is the first to have sampled the heliosphere well away from the ecliptic plane. This has allowed a discovery of great importance for solar, heliospheric and solar-terrestrial sciences, namely that the radial component of the heliospheric magnetic field, at a fixed heliocentric distance r, is independent of heliographic latitude . To normalise the data to a constant heliocentric distance, an r 2 dependence of radial field is used: this is expected from the increase in flux tube area and is an important part of Parker spiral theory which is very successful in explaining observed heliospheric fields.
The latitudinal uniformity of the radial field B r was first found to apply as the satellite passed from the ecliptic plane to over the southern solar pole Balogh et al., 1995) . Subsequently, this result has been confirmed during the pole-to-pole "fast" latitude scan during the first perihelion pass and during the second ascent of Ulysses to the southern polar region (Lockwood et al. (1999b) and Smith et al. (2001) , respectively). Recently, the second perihelion pass has underlined the generality of the result . The first perihelion pass took place during the interval September 1994 until July 1995 when solar activity was low (the average sunspot number during the pass was <R>=23.5). On the other hand, the second perihelion pass (December 2000 until October 2001 was near sunspot maximum (<R> was 106.5). Smith and Balogh (1995) noted that the uniformity of the radial field allowed for the computation of the total open solar flux and that it could be explained by excess magnetic pressure at high latitudes close to the Sun. This finding shows that the inner heliosphere is dominated by sheet, and not volume currents. It has been explained further by and in terms of the pressure transverse to the flow in the expanding solar wind at r between about 1.5 R s and 10 R s , where the plasma beta is low (the mean solar radius, R s =6.96×10 8 m): non-radial solar wind flow at r<10 R s allows for the field to re-distribute, such that the tangential magnetic pressure is constant, i.e. the radial field is uniform. Because of this result, the radial field seen near Earth B r1 can be used to compute the total flux threading a heliocentric sphere of radius r 1 =1 AU. Lockwood (2002) estimated the fraction of the total open solar flux which closes at r between 2.5 R s and r 1 (i.e. the open flux F o that does not thread the surface at r=r 1 ) for solar minimum conditions. Quantitatively, the flux F o generates an uncertainty of ±24% in hourly values, falling with an averaging timescale to ±16% in monthly averages and between ±4% in annual values. Thus, the flux threading the surface at r=r 1 is a good estimate of that threading a heliocentric sphere of radius r=2.5 R s , if the averaging timescale is sufficiently long. The flux threading r=2.5 R s is called the "coronal source flux" or the (unsigned) "open solar flux", F s . It is the total flux leaving the solar corona and entering the heliosphere by threading the hypothetical "coronal source surface", where the field is purely radial and which is usually taken to be approximately spherical and at r≈2.5 R s (Wang and Sheeley, 1995; Lockwood et al., 1999; Lockwood, 2001) . If the averaging timescale is large enough for F o /F s to be considered negligible, the coronal source flux estimate can be obtained from:
The factor 2 arises because half of the flux through this surface is outward (away from the Sun) and half is inward. Support for the use of Eq. (1), and the approximation inherent in it, comes from coronal source flux estimates from measurements of the line-of-sight component of the photospheric field (at r=1 R s ). In deriving this line-of-sight component of the field from magnetograph data, a latitudedependent "saturation" correction factor must be applied (Wang and Sheeley, 1995) . The radial component is then computed by dividing by a cosine factor (so there is no information from over the solar poles). The open flux is then estimated using a method such as the potential field source surface (PFSS) procedure (Schatten et al., 1969) , in which the coronal field is assumed to be current-free between the photospheric surface and the coronal source surface, where the field is assumed to be radial. With an improved latitudedependent saturation correction factor, Wang and Sheeley (1995) were able to match to the radial field seen at Earth during solar cycles 20 and 21, again using the assumption that B r is independent of latitude in the heliosphere, as found from the Ulysses observations. Recently, Wang and Sheeley (2002) have shown that this result holds for cycles 22 and 23 as well. Thus, the work of Sheeley (1995, 2002) gives strong evidence that the Ulysses result on the uniformity of the radial heliospheric field is valid throughout cycles 21-23.
The result is important because Eq. (1) allows for the total open flux of the Sun to be computed from near-Earth observations of the Interplanetary Magnetic Field (IMF). Lockwood et al. (1999) used this to show that the mean open solar flux (averaged over the 11-year solar cycle) had risen by 29% during the interval 1963-1987 for which near-Earth observations of the IMF were available. In addition, these authors developed a procedure to compute the radial component of the near-Earth IMF from the aa geomagnetic index. Application of Eq. (1) to these data showed that the average open solar flux had increased by a factor of 2.4 during the 20th century.
These studies assumed that the Ulysses result applied at all times, as would be expected from the theory of and . In this paper, we study the data from the two perihelion passes of Ulysses in order to analyse the errors introduced by this assumption. We also update the work of Lockwood et al. (1999a, b) to cover data taken after 1995 and thereby place the two perihelion passes in context of the long-term variation of the open solar flux.
The Context of the Ulysses perihelion passes
The top panel of Fig. 1 Thus, the first and second perihelion passes took place under very different solar conditions, being near solar minimum and maximum, respectively. However, the open flux derived from near-Earth IMF measurements (and from the Ulysses data themselves, see later) are very similar. In isolation, these data could be interpreted as showing that the open solar flux was almost constant in magnitude. However, the top panel of Fig. 1 shows that, although this is true for solar cycle 20, there is considerable variation (by a factor of about 2) in the open flux during cycles 21 and 22. Peak open flux occurs roughly two years after peak sunspot number, as found from the PFSS method by Wang et al. (2000b) , which has implications for flux tube evolution, as discussed by and .
Update of the long-term variation of open solar flux
In this section, we update the results of Lockwood et al. (1999a, b) to cover data taken after 1995. The procedure used is as given by Lockwood et al. (1999a) , with the modified implementation adopted by Lockwood and Stamper (1999) (i.e. only data from before 1987 were used to derive the procedure for computing B r1 from the aa index, leaving data from after 1987 as independent test data). We here refer to the resulting open solar flux estimates as [F s ] aa . Lockwood and Stamper were able to use data from solar cycle 22 as an independent test of the procedure. The additional data presented here for the rising and maximum phase of cycle 23 thus afford a further test of the method. In this method, it is important to use 1-year averages to eliminate annual effects, such as the precession of the dipole tilt of the Earth and the obliquity of Earth's orbit, and seasonal effects, such as the variations in ionospheric conductivity around the magnetometer sites used to generate aa. Thus, Lockwood et al. and Lockwood and Stamper only generated annual means. Here we produce values for one-year intervals, but advance the interval used by one month at a time, so generating a data sequence in which only every 12th data point is fully independent. . 3 ). Thus the model correctly reproduces the fact that the open flux near the peak of cycle 23 is only slightly larger than just before the preceding minimum, as was measured by Ulysses. 
where E s is the rate at which new open flux emerges through the coronal source surface and τ is the loss time constant. Solanki et al. devised a complex function of sunspot number to quantify E s and found a τ of 3.6 years from a best fit to the data of Lockwood et al. Figure 4 clarifies the long-term variations by showing 11-year running means. Figure 4a shows the 11-year means of (thin line) the open solar flux <[F s ] aa > 11 , derived from the aa index and (thick line) <[F s ] IMF > 11 from the near-Earth IMF observations. Figure 4b shows the 11-year means of the open flux emergence rate <E s > 11 , deduced from Eq. (2) using the observed rate of change of F s and the bestfit linear loss time constant of τ =3.6 years. Comparison with Fig. 4c shows that the variation of the 11-year mean of the sunspot number <R> 11 has a somewhat similar form to <E s > 11 . The plot shows a peak in the average open flux in 1987, after which it has declined. When added to the rise associated with the rising phase of cycle 23, this decline causes the small difference between the solar maximum and solar minimum seen in the comparison of the two Ulysses perihelion passes. The downward drift in the open flux after 1987 is caused by a drop in the mean emergence rate associated with a drop in average sunspot numbers.
These variations all assume the Ulysses result, i.e. Eq. (1) applies. We know that use of this equation is, broadly speaking, valid because comparisons with the open flux derived from photospheric magnetograms using the PFSS method show that the Ulysses result has applied throughout cycles 20-23 . These PFSS data show very similar long-term drifts to those in Fig. 4 (Lockwood, 2003) . However, we do not know quantitatively the uncertainty incurred in using Eq. (1). In the remainder of this paper, we concentrate on quantifying this error using data from the two perihelion passes. Figure 5 shows daily means from the first perihelion pass of Ulysses. The top panel shows the radial field, |B ru |, which varies from negative to positive as Ulysses moves from a large southern polar coronal hole to the corresponding polar coronal hole in the Northern Hemisphere, with multiple crossings of current sheet(s) in the streamer belt in-between. Thus, the heliospheric field configuration is very much as expected for sunspot minimum. Figure 5 also gives the heliocentric coordinates of Ulysses (r u , θ u , λ u ), where r u is the heliocentric radial co-ordinate of the spacecraft; θ u is the solar longitude of the spacecraft (where θ u =0 along the Sun-Earth line) and u is the heliographic latitude. The second panel shows the radial field normalised to r=r 1 =1 AU using an r 2 dependence, |B ru |(r u /r 1 ) 2 . Figure 6 compares observations of the heliospheric field |B ru | observed by Ulysses during the first perihelion pass with those made simultaneously by near-Earth spacecraft |B r1 |. In this paper, we use near-Earth interplanetary data from ACE, which is in a halo orbit around the Lagrange L1 point, and from IMP-8 which is in a 30 R E , near-circular orbit around Earth. Thus, both craft are always relatively close to the ecliptic plane and r=r 1 . Note that data acquisition from IMP-8 was not continuous at this time and thus, there are gaps in the |B r1 | data sequence. The solar wind propagation lag L from (r 1 , u , u ) to (r u , u , u ) is computed Solanki et al. (2000) . The vertical dashed lines mark the times of the two perihelion passes by Ulysses and the horizontal dashed lines the mean open flux deduced during those passes. Note that the model parameters were obtained from a best fit to data for up to 1986 and thus the values for the two perihelion passes are predictions that match the Ulysses observations very well in both cases. from the radial solar wind speed observed at Ulysses, V r . The panels of Fig. 6 show (from top to bottom): (a) the lag L, (b) the radial solar wind speed observed at Ulysses, V r , (c) the lagged radial field magnitude, normalised to r=r 1 =1 AU using an r 2 dependence, |B ru |(r u /r 1 ) 2 , where |B ru | is the absolute value of the radial field observed by Ulysses at time t u but plotted here as a function of the time that field passed through r=r 1 , i.e. at t 1 =(t u −L); (d) the radial field magnitude observed near the ecliptic plane at r=r 1 at time t 1 , |B r1 |. Thin lines show daily means, thick lines are 27-day running means.
Analysis of the first perihelion pass
The lag L varied between 1 and 3 days, with the largest values at the beginning and end of the pass because then r u was largest. The variation of r u means that L decreased towards the centre of the pass but increased again while Ulysses encountered the slow solar wind in the streamer belt. These lags are significant because they are longer than the coherence time of the radial field in the heliosphere. Lockwood (2002b) has presented the autocorrelation function of the open flux estimated from Eq. (1) (and therefore of the radial field component) and shown that it falls to 0.5 at a lag of 9 h and is only about 0.2 at 1 day and 0.1 at 3 days. Thus it is very important to allow for the lags L, as there is considerable variation in the radial field in these intervals. Figure 8 shows the variations of radial field estimates as a function of the heliographic latitude. The green line shows the normalised radial field observed by Ulysses B r u (r u /r 1 ) 2 , as shown in Fig. 6 and the red line gives 27-day running means time of this absolute values of normalised radial field magnitude, <|B ru |(r u /r 1 ) 2 > . The black and blue lines give the 27-day running means of the corresponding radial field magnitude seen near Earth. These near-Earth data are averages over 27-day intervals of time (t u −L), where the Ulysses observations are made at time t u , and L is the propagation lag discussed above, and are plotted as the corresponding mean of the Ulysses latitude u in the 27-day interval of t u . The black line gives the mean of the observed radial field magnitude, < |B r1 | >. This can be influenced by transient deflections in the IMF, such as caused by, for example, Coronal Mass Ejections (CMEs), although these effects should largely be cancelled to zero in these 27-day means. The blue line shows an alternative estimate which might be less susceptible to any such effects, made using the magnitude of the B 1 with the average garden hose angle α, <B 1 cos(α)>. The value of α used is the average for the entire perihelion pass and is derived from the IMF components observed by IMP-8 and ACE. Although there is some evidence that CMEs, Corotating Interaction Regions (CIRs) and current sheet warping, may make B 1 cos(α) a better estimate for open flux estimation on short timescales, it can be seen there is little consistent difference on this 27-day averaging timescale and henceforth, the direct that measurement of radial field |B r 1 | is used. It can be seen that agreement between the radial field values is good: how good is quantified in the next section.
Analysis of errors
In this section, we investigate the deviation of lagged, distance -corrected average radial field seen Ulysses from the radial field seen near Earth:
The fractional deviation of the Ulysses radial field from the near-Earth value is then B r /|B r1 |, the r.m.s. value of which is ε r =<( B r /|B r1 |) 2 > 1/2 . Figure 7 is for an averaging timescale T of 27 days: in this section we investigate the use of T between 1 day and 67.5 days (2.5 solar rotations). The dotted line in Fig. 8 shows ε r as a function of T . It can be seen that ε r is of the order of 50% for T =1 day, but falls to about 10% for T =27 days, -the averaging interval on which the effects of longitudinal structure and the difference in solar longitude between Earth and Ulysses, u (see Fig. 5 ) are significant. At greater T , ε r converges asymptotically to 7%, the value for averaging over the whole fast latitude scan (which lasts almost twelve 27-day solar rotation periods). However, this r.m.s. deviation in the radial field ε r is not the same as the error ε F in the total open flux estimate F S incurred by the use of Eq. (1). The total (signed) open flux is half the integral of |B.da| over a whole sphere (where da is a surface area element). For averaging intervals of T this becomes the sum over N =(τ s /T ) solar longitude bins (each =2π/N in extent) and N λ =(T p /T ) solar latitude bins (of variable extent λ), where τ s is the solar rotation period and T p is the duration of the pole-to-pole pass. Expressing this open flux as a fraction of that deduced from Eq. (1) yields:
If we average results over any longitudinal structure, because N =2π, this becomes
The fractional error in F s , ε F , is the error in the ratio (F s /F s ), which is equal to that in its reciprocal. The uncertainty in the sum in Eq. (5) is the square root of the sum of the squares, thus:
From Eq. (7) we can compute the effect of the uncertainty ε r (given by the dotted line in Fig. 1 ) in giving the fractional uncertainty in F s , ε F . The result, as a function of the averaging timescale T , is the solid line in Fig. 8 . Because the near-Earth data is not continuous, it is not possible to compute the errors for T less than about 7 days. It can be seen that ε F falls to about 5% at T of 27 days and is less than or equal to this value at all greater T . The solid horizontal line shows the error in F s for the whole fast-latitude scan. 
Analysis of the second perihelion pass
In this section, we repeat the analysis presented in Sects. 4 and 5 for the second perihelion fast-latitude scan of the Ulysses spacecraft. Figure 9 shows that the radial field observed by Ulysses is much more structured than during the first pass, in that polarity reversals are seen at all latitudes and there are at least 10 clear intervals of both away and toward polarity field. This emphasises the solar maximum nature of the heliospheric field during the second perihelion pass. Note that the solar longitude of Ulysses u is different from the first pass, varying between 200 • and 20 • (for the first pass u varied between 270 • and 90 • , see Fig. 5 ). Figure 10 shows that the radial solar wind velocity is also more variable than the for the first pass, with several transitions between fast to slow solar wind. This introduces more variability into the lag L, superposed on the longer-term variation due to the heliocentric distance r u . Figure 11 shows the 27-day means of the lagged, rangecorrected radial field at Ulysses, as seen by ACE near Earth, as a function of the latitude of Ulysses. As for the first perihelion pass (see Fig. 7 ), there is good agreement between the two, and to some extent, the same temporal variations can be seen in the two data sets. Figure 12 shows that the variations of the uncertainties ε r and ε F with the averaging timescale T are very similar indeed to those for the first perihelion pass and that errors are 5% for T ≥ 27 days.
Discussion and conclusions
This paper has compared the radial fields observed by Ulysses and by near-Earth spacecraft, with the aim of investigating the use of near-Earth IMF observations to quantify the open solar flux: this test has been applied to the perihelion passes of Ulysses for which other factors are minimised. In particular, the r u 2 correction factor, allowing for the effect of the heliocentric distance of Ulysses r u on flux tube area, varies between about 1.8 and 4.8 during the perihelion passes and so is much closer to unity than for the rest of the Ulysses orbit. In addition, the lower r u (<2.2 AU) near perihelion means that propagation lags from r=1 AU to the spacecraft are minimised. There is little coherence in the radial field over typical propagation delays L and thus, uncertainties in the comparison of simultaneous Ulysses and near-Earth data relating to r=r 1 would be subject to considerable errors for larger r u . For r u <2.2 AU, L is less than about 3 days and thus uncertainties in L generally have little effect on averages taken over intervals T of 27 days or longer.
Analysis of the uncertainties introduced by using Eq.
(1) shows that they are ≤5% for averaging timescales T ≥27 days. This is true for both the first and second perihelion passes of Ulysses which took place near sunspot minimum and sunspot maximum, respectively. Thus, we can use near-Earth measurements of the radial field and, assuming the Ulysses result that the radial heliospheric field is independent of latitude, derive the total open solar flux to within this uncertainty. The fact that the result applies at sunspot maximum as well as at sunspot minimum, despite the greatly differing natures of the heliospheric field at these times, strongly implies that it is a general result, as would be expected from the theoretical explanation by and .
The only available test of the application of the Ulysses result on longer timescales comes from the comparisons of the near-Earth radial IMF measurements and the open solar fluxes derived from the Potential Field Source Surface (PFSS) method from surface magnetograms (Schatten et al., 1969) . Sheeley (1995, 2002) used such comparisons to show that the Ulysses result applies over solar cycles 20-23, provided the latitude-dependent line saturation factor is first applied to the photospheric field data. This correction strongly emphasises low-latitude fields, which means that low-order multi-poles dominate the open flux derived. However, there are a number of other assumptions which are used in this method, in addition to the latitude-dependent saturation factor. The surface field is assumed to be radial, so that the component normal to the surface can be computed from the observed line-of-sight component (and, even then, no information is available from near the poles). The field is also assumed to be radial at a "coronal source surface" which may only be a hypothetical surface, but which is usually assumed to be spherical, heliocentric and at r=2.5 R s . The corona is assumed to be current-free between the photosphere and the coronal source surface (∇×B=0), and Laplace's equation is solved for Carrington maps of the photospheric field, Thus, the conclusion that the Ulysses result can be applied over cycles 20-23, based on a comparison of near-Earth IMF observations and open flux estimates from the PFSS method, is subject to all the above uncertainties introduced by the PFSS method. Table 1 gives the mean open fluxes for the two perihelion passes derived by a number of methods. The open flux derived from the Ulysses data, using Eq. (4), is [F s ] u . The other values given are all averages over the duration of the perihelion passes. The estimates [F s ] IMF and [F s ] aa are derived, respectively, from near-Earth IMF observations and from the aa geomagnetic index (using the procedure of Lockwood et al., 1999a, b) and both make use of Eq. (1). The PFSS procedure, as applied by Wang and Sheeley (2002) yields [F s ] PFSS and the model of Solanki et al. (1999) gives the values [F s ] SM . were used. The first perihelion pass took place during the interval September 1994 until July 1995 and thus, the [F s ] PFSS value in Table 1 , Lockwood et al. 1999a Lockwood, 2001 Lockwood, , 2002b , agrees well with the predictions of the modelling by Solanki et al. (2000) and Lean et al. (2002) . The Solanki et al. model correctly predicts the open flux seen by Ulysses [F s ] u during both the perihelion passes (Fig. 3 ). Thus the model gives us some insight into why the open flux seen in these two passes is so similar (in other words, why cycle 23, like cycle 20 before it, shows only a small variation in the open solar flux). There are a number of contributory factors. First, average sunspot numbers have fallen since 1987 and thus, the flux emergence rate is lower. By Eq. (2), this means that the loss rate has dominated and the average open flux values have fallen. The control of open flux by emergence rate is confirmed by the rise in open flux modelled by Lean et al. (2002) , caused by the rise in sunspot number and emergence rate which are the input into their model. In addition, the second Ulysses pass happened to be in a relative minimum (a "Gnevyshev gap") in solar activity between two stronger peaks around the maximum of cycle 23: the associated minimum in emergence rate will have made the open flux at the time of the second perehelion pass somewhat lower than at other times around this solar maximum. In addition to these effects of reduced emergence rate, cycle 22 has also been a somewhat longer solar cycle, allowing more time for the open flux to decay, a relationship predicted by the Solanki et al. (2000) model and noted in observations by Lockwood (2001) . Lockwood (2002) has noted that all indicators of open solar flux show a decline since 1987. Superposing a solar cycle variation on this longer-term decline in average values has resulted in a peak open flux that is only slightly larger than the value seen during the previous minimum. As noted above, Fig. 1 shows that the peak in the open flux was very weak for cycle 20, as it is for cycle 23. This is consistent with the above discussion because cycle 20 was also weaker than the cycle before it, in terms of the sunspot number and thus, the inferred emergence rate ( Fig. 4c shows that the 11-year smoothed sunspot number R 11 peaked in 1955 and 1987 and Fig. 4b shows that the inferred emergence rate peaked shortly after both R 11 maxima). In addition, it followed an unusually long cycle (number 19).
We conclude that the relative similarity of the open flux values during these two Ulysses passes does not mean that the open flux is constant, rather it is a feature of the general decline in solar activity, average emergence rate and average open solar flux that has been present since 1987. Most solar cycles since 1867 are shorter than cycles 19 and 22 (e.g. Lockwood, 2001 ) and most show higher sunspot numbers and emergence rate (see Fig. 4 ). From the above, it follows that cycles like 23 and 20, with little open flux variation caused by a downward drift in emergence rate and a long preceding cycle, have been rare in the last 130 years.
